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LipophorinHedgehog (Hh) signalling plays a crucial role in the development and patterning of many tissues in both
vertebrates and invertebrates. Aberrations in this pathway lead to severe developmental defects and cancer.
Hh signal transduction in receiving cells is a well studied phenomenon; however questions still remain
concerning the mechanism of repression of the pathway activator Smoothened (Smo) in the absence of Hh.
Here we describe a novel repressor of the Hh pathway, Target of Wingless (Tow). Tow represents the
Drosophila homolog of a conserved uncharacterised protein family. We show that Tow acts in Hh receiving
cells, where its overexpression represses all levels of Hh signalling, and that this repression occurs upstream
or at the level of Smo and downstream of the Hh receptor Patched (Ptc). In addition, we ﬁnd that like Ptc,
overexpression of Tow causes an accumulation of lipophorin in the wing disc. We demonstrate that loss of
tow enhances different ptc alleles in a similar manner to another pathway repressor, Suppressor of Fused
(SuFu), possibly through mediating Ptc dependant lipophorin internalisation. Combined, these results
demonstrate that Tow is an important novel regulator of the Hh pathway in the wing imaginal disc, and may
shed light on the mechanism of Ptc repression of Smo.
© 2009 Elsevier Inc. All rights reserved.IntroductionHedgehog (Hh) signalling controls growth, patterning, and
morphogenesis during embryonic development in many organisms
(Ingham andMcMahon, 2001). In addition, impaired Hh signalling can
result in devastating developmental disorders (McMahon et al., 2003),
and inappropriate pathway activation plays an important role in the
development and maintenance of several cancers (Evangelista et al.,
2006). Therefore, a better understanding of this signalling pathway is
imperative to provide new therapies for Hh-related disorders.
The morphogen Hh is secreted by a subset of cells from where it
emanates in a gradient to receiving cells, where Hh activates
concentration-dependant signalling to trigger differentiation or
proliferation (Ingham and McMahon, 2001; Ogden et al., 2004;
Varjosalo and Taipale, 2008). In Drosophila, the Hh signalling pathway
controls embryonic segmentation (Nusslein-Volhard and Wieschaus,
1980), and patterns limbs such as the wing (Mullor et al., 1997). The
wing imaginal disc – a larval precursor structure for the wing –
provides an excellent model system inwhich to study Hh signalling. In
this disc, Hh is released from the posterior cells and diffuses to the
anterior cells, where it is received by its receptor Patched (Ptc), a 12
pass transmembrane domain protein with similarities to the RND
bacterial transmembrane transporter family (Taipale et al., 2002). Thel rights reserved.binding of Hh relieves Ptc-mediated repression of Smoothened (Smo),
a serpentine-like membrane protein required for Hh signalling
(Alcedo et al., 1996; Chen and Struhl, 1996). This allows Smo
stabilisation, activation and downstream signalling through a protein
complex including the serine–threonine kinase Fused (Fu), a kinesin-
like protein Costal2 (Cos2) and the protein Suppressor of Fused (Sufu),
leading to activation of the transcription factor Cubitus interruptus
(Ci) (Lum et al., 2003). In the anterior compartment of the wing disc,
Hh protein is presented in a gradient, where Hh levels decrease with
distance from the anterior–posterior (A–P) boundary. The transcrip-
tion factor Ci is then processed into either a repressor or activated
form, in accordancewithHh levels, thereby relaying theHh gradient to
the transcription of various Hh target genes. The adult wing
(particularly veins 3 and 4 and the inter-vein area between these), is
patterned by these Hh target genes (Strigini and Cohen, 1997), and
therefore provides a convenient read-out of the level of Hh signalling.
One unresolved issue in Hh signalling concerns the mechanism by
which Ptc represses Smo. In cancers this repression is often ectopically
relieved by mutations in either Ptc or Smo, resulting in inappropriate
signalling (Rohatgi and Scott, 2007). In accordance, Smo has been
referred to as the most ‘drugable’ protein in the signalling pathway,
and the interest in Smo as a potential therapeutic target has fuelled
considerable efforts to understand its repression (Kiselyov, 2006). It
was originally thought that Ptc repression of Smo was mediated
through direct binding, however there is little evidence for this.
Instead, it has been postulated that it is an indirect repression, as sub-
stochiometric levels of Ptc can repress Smo activation (Taipale et al.,
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regulated by small molecules with similarities to sterols such as
cyclopamine, a drug derived from plant steroidal alkaloids, suggest-
ing the presence of endogenous ligands for Smo (Chen et al., 2002).
More recently, the involvement of oxysterols (King et al., 2004;
Corcoran and Scott, 2006) and vitamin D3 (Bijlsma et al., 2006) has
been shown in mammalian Hh signalling. This is not surprising
considering the similarities between Smo and G-protein coupled
receptors, proteins which are often activated or repressed by various
ligands (Ruiz-Gomez et al., 2007). Given the similarity between Ptc
and RND transporters, where conserved residues are imperative for
Ptc function (Strutt et al., 2001), and the potential ligand-dependant
regulation of Smo, it has been proposed that Ptc regulates Smo by
controlling the availability of these ligands (Taipale et al., 2002;
Eaton, 2008). Further speculation has suggested that the precursors
of Smo ligands may be delivered as sterols or sterol derivatives in
lipophorin particles (Eaton, 2008) which in Drosophila are also
thought to carry morphogens such as Hh (Panakova et al., 2005).
Intriguingly, the Hh receptor Ptc has been shown to regulate
intracellular levels of lipophorin (Callejo et al., 2008). Taken
together, these ideas suggest that the regulation of Smo by Ptc
may occur via a complicated mechanism involving sterol metabo-
lism and control of ligand availability. Therefore, further under-
standing of molecules and proteins regulating Smo is essential for
both a better understanding of Hh signalling mechanism and for the
development of therapies for the many disorders which involve
aberrations at this level of the pathway.
We present here a novel repressor of the Hh pathway in Droso-
phila, Tow, which has been previously documented as a Target of
Wingless (Wg) (Chung et al., 2007). Overexpression of Tow represses
Hh signalling downstream of Ptc and at the level of Smo in the
receiving cells to destabilise Smo and repress all levels of Hh
signalling. Furthermore, loss of tow enhances a sensitised Hh pathway
background such as heterozygous ptc mutations. Intriguingly, we
observe that like ectopic Ptc expression, overexpression of tow causes
an accumulation of lipophorin in the wing imaginal disc (Callejo et al.,
2008). Furthermore, Ptc induced accumulation of lipophorin particles
appears to be reduced in a tow mutant background, therefore we
speculate that it is through this mechanism that Tow is able to repress
Smo. Finally, Tow has previously been shown to be involved down-
stream of the RhoA/Drok pathway in the pupae wing, where Tow
regulates transcription of the myosin II regulatory light chain,
spaghetti squash (Chung et al., 2007). We show that Tow acts in the
Hh pathway independently of its function in other pathways; Wg
and Spaghetti Squash/Rok (Sqh/Rok).
Materials and methods
Misexpression screen and P-element localization
A misexpression screen was performed using a library of P(UY)
insertions generated in the laboratory, crossed with MS1096Gal4
(MSGal4). To locate the P-element P(UY)1146 puriﬁed genomic DNA
was fully digested with the HinP1I restriction enzyme (GCGC), then
self-ligated, transformed and screened for Kanamycin resistance.
DNA ﬂanking the P-element was then ampliﬁed using the primers
OUY52: ACACAACCTTTCCTCTCAACAA and OUY31: ATTGATTCACTT-
TAACTTGCAC and sequenced with the OUY52 primer: GGTAAGC-
TTCGGCTATCGACG. The resulting sequence was then identiﬁed as
upstream of the CG14821 gene using the BLAST program. To conﬁrm
the insertion position, the P-element primer P3′EP: ATTCAAACCC-
CACGGACATGCTAAG was used with the genomic primer P19:
TTCCGTATTGTCCGTGGTTTATCAT. Downstream of the insert the
primers OUY53: GGTAAGCTTCGGCTATCGACG and P22: GCCGAAAAG-
TATCTGCGACGC were used. Ampliﬁed DNA was sequenced and
subject to BLAST analysis.Generation of UAS-Tow transgenic ﬂies
cDNA was isolated from the N. Brown cDNA library in pNB40
(Brown and Kafatos, 1988) by conventional techniques. The tow cDNA
is 1958 bp long, and was cloned into the pUAST vector using primers
with at EcoR1 and Xho1, GCGAATTCAAAAGATGGGCTGTG and
TAGTTCTCGAGGGGTTCCTGCTG. This cDNA was used to produce
transgenic lines and the UAS-towcDNA 1146A1 lines 14 and 15 were
used for overexpression analysis. UAS-towΔN was constructed using
the available cDNA GH12583 (denoted on ﬂybase as Tow-PA) cloned
into the pUASt vector using the primers AGTGAATTCGGTACCATGCTG-
GACAAGAAGATTGATGAG and CGGCTCGAGTCATCTAGACGA-
GAGTTCCTGCGAGAACTGCGT. UAS-tow5′UTR was constructed using
the primers AGTGAATTCGCCTCGCACAACAAAAGCTTA and
CGGCTCGAGTCGCTTTCCTGGATGTCCTTAT to amplify the 5′UTR of the
gene prediction by ﬂybase into the pUASt vector. To construct UAS-
towΔC primers GCGAATTCAAAAGATGGGCTGTG and TTCTCGAGGCG-
CAGCAGTGAGA were used. All constructs were used to make
transgenic lines.
Fly strains and genetics
The following mutants were used: ptc16 (Strutt et al., 2001), ptcCon
(Mullor and Guerrero, 2000), ptcTuf1 (Capdevila et al., 1994) and fu1
(Therond et al., 1993), cos2W1 and fumH63 (Robbins et al., 1997). The
tow null allele tow754 has been previously described in Chung et al.
(2007). UAS-notchintrawas a gift from F. Schweissguth. UAS-sqh RNAi
was from the National Institute of Genetics stock centre. Other stocks
were obtained from Bloomington. Expression of transgenes was
carried out using the Gal4-UAS system (Brand and Perrimon, 1993)
and the drivers ptcGal4/cyo, dppLacZ; hhGal4/Tm6b, enGal4,
dppLacZ/cyo, armGal4, sdGal4, MSGal4. Rescue experiments were
done using the armGal4; tow754/Tm6c and UAS-towA1#15; tow754/
Tm6c lines. FLP/FRT-mediated recombination (Harrison and Perri-
mon, 1993) was used to generate mutant clones for ptc or cos2 in tow
overexpression backgrounds using the heatshock inducible system in
stage L1 larvae by heat shock for 30 min–1 h at 38 °C. The crosses used
to induce ptc or cos2 LOF clones in different background were:
MSGal4; FRT42D, ptcIIW/Cyo×ywhsﬂp122; FRT42D, armLacZ; UAS-
towA1#14/Sm6-Tm6b and MSGa l4 ; FRT42D cos2WI/
Tm6b×ywhsﬂp122; FRT42D, armLacZ; UAS-towA1#14/Sm6-Tm6b.
LOF clones were visualised in the imaginal disc by the lack of LacZ
expression and βGal staining. Overexpression clones were made using
the Flip out technique (Golic, 1991; Harrison and Perrimon, 1993) by
10 minute HS at L1 larval stage using the following crosses:
ywhsﬂp122; UAS-towA1#15×w; dppLacZ/Cyo; actbCD2bGal4, UAS-
GFP or ywhsﬂp122; UAS-towA1#15×w; ptcLacZ/cyo; actbCD2bGal4,
UAS-GFP. w; actbCD2bGal4, UAS-GFP, crossed with ywhsﬂp122; UAS-
wg or ywhsﬂp122; UAS-notch-intra were also used. All crosses were
performed at 25 °C unless stated. For lipophorin accumulation
experiments the following crosses were performed at 18 °C, and
early stage L3 larvae were shifted to 29 °C for 24 h to allow expression.
apGal4, tubulinGal80/Bcg×UAS-PtcB3 (Johnson et al., 1995) and
males apGal4, tubulinGal80/Sp; tow754/Tm6c×females UAS-PtcB3;
tow754/Tm6c.
Genetic interaction analysis
The lines ptc16/Sm6b; tow754/Tm6c, ptc16/Sm6b; SufuLP/Tm6c,
ptcCon/Sm6b; tow754/Tm6c, and ptcCon/Sm6b; SufuLP/Tm6c were used
to analyse genetic interactions between Ptc and Tow or Sufu. Wings
were mounted using euparal solution. Vein 3 Sensilla Campaniform
(SC)were counted on at least 20wings per genotype, (counts included
only the vein 3 SC and not the one present at the ACV). The data
obtained was presented as either the average number of SC in a
genotype, or as a percentage of wings that showed aberrations in SC
Fig. 1. Identiﬁcation of a new gene involved in the Hedgehog signalling pathway. (a) Wildtype adult wing, arrow indicates the anterior cross-vein and the double arrow head shows
the veins 3–4 inter-vein area; structures which are patterned by Hh signalling. (b) Overexpression of the P-element P(UY)1146 with enGal4 creates a proximal fusion of veins 3 and 4
(arrow), and a reduction of the veins 3–4 inter-vein space (double arrow head). (c) enGal4, UAS P(UY)1146 embryos with in situ hybridisation using an antisense RNA probe for
CG14821 cDNA. The speciﬁc en pattern of staining conﬁrms the overexpression of CG14821 by the P-element. (d) MSGal4, UAS-towA1 cDNA at 29 °C causes a reduction in the 3–4
inter-vein region and a disruption of anterior patterning, conﬁrming it is this gene responsible for the Hh phenotype. (e) Magniﬁed wildtype wing showing normal hair arrangement
where each cell produces one hair. (f) tow overexpression in the wing (using MSGal4) causes a multiple wing hair phenotype (mwh) (see arrow). (g) armGal4 mediated
overexpression of tow causes a proximal fusion of veins 3 and 4 (arrow), and a reduction in the inter-vein space. These phenotypes can be relieved by the tow754mutant (h, arrow).
(i) Map of tow (CG14821) genomic position, the position of the P-element P(UY)1146 and the area covered by the deletion in tow754. (j) The intron–exon structure of towA1 and the
tow predicted by Chung et al. towA1 has an extra intron, and the ATG is placed upstream. Lines below the genes indicate the different tow constructs used in overexpression analysis.
The table indicates the phenotype caused by overexpressing these constructs with sdGal4 which drives expression in the entire wing disc.
282 K.L. Ayers et al. / Developmental Biology 329 (2009) 280–293
283K.L. Ayers et al. / Developmental Biology 329 (2009) 280–293(i.e. less or more than 3). Student T-tests were used to analyse the
difference between groups, and the Standard Error of the Mean used
for tables and graphs, and standard error of percentage (SE %) was
used in the case of percentage of wings with aberrant SC numbers.
Measurements for the inter-vein area between veins 3 and 4 were
obtained using photoshop, and this was plotted as a percentage of
total wing area. In the ﬁgures ⁎⁎=b0.001. Wing pictures were taken
using a Leica microscope, and processed in Adobe Photoshop 7.0.
Statistical analyses were performed in Microsoft Excel.
Imaginal disc immunostaining, in situ hybridisation and image capture
In situ probe: Tow cDNA was ampliﬁed to include the HindIII and
Not1 sites using the primers TACAAGCTTTGACACCAAAGAGGA and
TCTGCGGCCGCTTTACTGTGTGTTT and was cloned into the pBlueScript
vector SK+ (Stratagene). Linearisation was performed with HindIII
and reverse transcriptionwith T3was performed to generate antisense
digoxigenin-labelled probes. smo cDNA was cloned into the pGEM
T-easy vector (Promega) using the primers smocDNAF AAGCGGATG-
CAGTACTTAAACTTTCCGCG and smocDNAR TGCTATTTTGAAGGCAG-
CAATAACATTTT. The vector was linearised with Nru1, and antisense
digoxigenin-labelled probes were made using T7. In situ hybridisation
was preformed as described in Gallet and Therond (2007) and Vector
Red Alkaline Phosphatase Kit (SK51000, Vector Laboratories).
Immunostaining was as described in Gallet et al. (2006). The
following primary antibodies were used: mouse monoclonal anti-Ptc
5E10 1/400 (Strutt et al., 2001), rabbit polyclonal anti-Smo, rabbit
polyclonal anti-Cos2 1/500, and puriﬁed rabbit anti-Fu 1/1000
(Ruel et al., 2003). Rat anti-Ci 2A1 1/10 (Motzny and Holmgren,
1995). Monoclonal mouse anti-Cut 1/100 and mouse monoclonal
anti-En 4D9 1/1000 (Drosophila Studies Hybridoma Bank, Univer-
sity of Iowa DSHB), rabbit anti-β-Gal 1/500 (Cappel), mouse anti-β-
Gal 1/1000 (Promega), mouse anti-Myc (Santa-Cruz), alkaline
phosphatase coupled anti-Dig 1/1000. Rabbit and guinea pig anti-
Apolipoprotein serum were a gift from S. Eaton (Eugster et al.,
2007), anti-Sqh antibodies gifts from T. Lecuit, R. Karess and D.
Kiehart. Fluorescent secondary antibodies (alexa488, Cy3 and Cy5)Fig. 2. Tow is the Drosophila homolog of an uncharacterised protein group. (a) towA1 encode
terminal end, and a coil–coil domain within the protein followed by stretches of polyglutam
conservation, especially in a region of 25 amino acids (highlighted in yellow).were used at 1/200 (Jackson Laboratories). Images were captured
on a Leica DMR TCS_NT confocal microscope, and processed in
Adobe Photoshop 7.0. The magniﬁcation used is 400× (40×
objective) unless stated (i.e. in most Z-sections it was 1200×; 63×
objective and 2× optical zoom).
For lipophorin punctuate analysis we used a program speciﬁcally
designed to analyse the lipophorin distribution in discs. Both the dorsal
andventral compartmentwere analysed in eachdisc, using anallocated
area which covered at least 1/3 of the compartment. We analysed the
average number of lipophorin particles greater than 3 pixels in size per
100×100pixel area and the average size (in pixels) of these lipophorin
punctuates. Numbers were averaged over at least 4 discs per genotype,
and presented as a graph where error bars indicate SEM.
Anti-Tow antibodies
Tow amino acids 138–427 were cloned into the vector pET28b in
phase with His6 tags (Novagene), using the BamHI and XhoI
restriction enzymes. Monoclonals mouse antibodies were made at
EMBL Monoclonal Antibody Core Facility (MACF) and ﬁve polyclonals
were made in house. The rabbit serums were tested after several
animal immunisations, and then puriﬁed against the same region of
protein. Mouse monoclonal antibodies were used at 1/10, whereas
rabbit puriﬁed antibody was used between 1/10 and 1/1000.
RNA interference in S2 cells and western blot analysis
RNA interference and western blots were performed as described
in Ruel et al. (2003) with double stranded RNAs produced in vitro
using T7 polymerase on PCR as described previously (Ramadan et al.,
2007). Two different dsRNAs were pooled. Speciﬁc primers used were
RNAi1-F TAATACGACTCACTATAGGGAGAGGCTGTGGACAGAGCAAGAT,
RNAi1-R TAATACGACTCACTATAGGGAGAGTAGTCGGGACCCTCATCAA;
RNAi2-F TAATACGACTCACTATAGGGAGACTACTACGGCGAGATGATG-
CAC, RNAi2-R TAATACGACTCACTATAGGGAGACTAGTGGGGT-
TCCTGCTGGGATT. Cells were lysed using RIPA buffer, and analysed
by western blot analysis using standard protocol.s a protein of 428 amino acids. This protein has a predicted palmitoylation site at the N-
ine. (b) Interspecies comparison shows that the N-terminal part of the protein has high
284 K.L. Ayers et al. / Developmental Biology 329 (2009) 280–293The antibodies anti-Tow Rabbit Serum 5 (TowR5) afﬁnity puriﬁed,
and mouse anti-Tow 6H12 were used at a concentration of 1:100 and
1:10 respectively. Mouse monoclonal anti-Tubulin (Sigma) 1:1000
was used as a loading control for western blot analysis.
Tow protein domain and ortholog analysis
The orthologs identiﬁed by BLASTanalysiswereAnopheles gambiae:
ENSANGCP00000015979; Human C1 orf21 (e8/e24); Mouse,
RIKENcDNA1700025G04; Drosophila pseudo-obscura GA13273. Ana-
lysis of the Tow protein was done using the SMART, PFAM and ELM
programs.
Results
CG14821/Tow: a novel Hh pathway repressor
We previously performed a misexpression screen using the UAS-
Gal4 system (Brand and Perrimon, 1993) to drive expression from P-
elements crossed with the Gal4 drivers MSGal4 (expressed ubiqui-
tously in the wing) or engrailedGal4 (enGal4) (expressed in all
posterior compartment cells and in response to Hh in 2–3 rows of cells
in the anterior compartment close to the A–P boundary). Wings were
subsequently screened for phenotypes indicative of altered Hedgehog
pathway signalling, such as reduction or increase in the area between
veins 3 and 4. In addition to ﬁnding known Hh pathway members,
such as the regulatory subunit of PKA (data not shown), we identiﬁed
several interesting P-element insertions including a microRNA cluster
which regulates Hh signalling (Friggi-Grelin et al., 2008). The
expression of a new P-element, P(UY)1146, caused a reduction in
the veins 3–4 inter-vein area (compare Fig. 1b with Fig. 1a double
arrowhead), and a proximal fusion of these veins (see arrows). P(UY)
1146 is inserted in the third chromosome within the region 65D4-D5,
300 base pairs upstream of the gene CG14821, Target of Wingless
(TOW) (Fig. 1i). To conﬁrm the P-element was driving CG14821, P(UY)
1146 was expressed in stripes in the embryo using enGal4. RNA in situ
hybridisation using an antisense probe for the CG14821 messenger
indeed showed a speciﬁc staining in engrailed (en) producing cells
(and therefore CG14821) (Fig. 1c). In situ hybridisation in wt embryos
showed a constitutive staining, and an antibody produced in house
against the Tow protein shows staining throughout the embryo, with
increased staining in the peripheral and central nervous system (data
not shown). A 1958 bp long cDNA corresponding to CG14821 was
isolated from a cDNA bank provided by N. Brown (Brown and Kafatos,
1988), which we refer to as towA1. We found the exon–intron
structure of towA1 to be different to those previously published either
by Chung et al. (2007) or available as GH12583 from the BDGP.
Through sequence comparison, the major difference we observe is a
large intron present within what was previously thought to be one
large exon, creating two smaller exons, and revealing a different start
codon upstream (Fig. 1j). Although the sequence of the gene appears
similar, our cDNA encodes a larger predicted protein, containing
approximately 100 more amino acids at the protein's N-terminal end
(Supplementary Fig. 1). Transgenic ﬂies were made using this isolatedFig. 3. Tow acts within the anterior/receiving cells to repress Hh target genes. (a) UAS towA1
patterning. (b) Expression of UAS towA1 in the anterior compartment using ptcGal4 causes
indicating that Tow acts within the Hh receiving cells. (c)Wildtype expression of ptcLacZ in 3
clones (marked with GFP and indicated by green outline) represses the expression of ptc a
wildtype wing discs. (f, f′) dpp reporter expression is reduced in Tow overexpression clones (
line). Overexpression of Tow in clones represses Hh-dependant En expression in the thre
overexpression clones were induced near to the A–P boundary, we observed ectopic expres
responsible for Hh internalisation and degradation (Chen and Struhl, 1996) less Ptc in these c
Ci155 (full length) expression pattern in a wildtype wing imaginal disc. (j, j′) Tow overexpre
imaginal disc. (l, l′) Smo is destabilised in the cells with Tow overexpression (arrow), which
wildtype Cos2 staining (m).cDNA under the control of the yeast UAS promoter sequence.
Overexpression of this cDNA towA1 using a constitutive wing driver
induces a strong reduction of the veins 3–4 inter-vein region,
conﬁrming that the gene tow is responsible for the Hh-related
phenotype (Fig. 1d). In accordance with results previously published
by Chung et al. (2007), we too found that overexpression of towA1
caused a multiple wing hair (mwh) phenotype (Fig. 1f arrow
compared to Fig. 1e). Furthermore, total loss of tow using the tow754
mutant relieved the overexpression phenotypes of towA1 such as
mwh or veins 3–4 fusion (Figs. 1g, h arrows) (Chung et al., 2007).
Due to previous publication of a different predicted cDNA and
therefore predicted Tow protein sequence, we aimed to address which
part of tow could be responsible for the overexpressionphenotype (Fig.
1j). We generated transgenic ﬂies containing different parts of the tow
gene under the UAS promoter sequence. The original cDNA clone
GH12583 as well as our isolated cDNA (towA1) both caused the Hh-
related and mwh phenotypes in the wing indicating that these
constructs are both functional. When we overexpressed constructs
containing either the coding region (towΔN); or the 5′UTR region
(tow-5′UTR) predicted by Chung et al. (2007), we saw neither the Hh
nor the mwh phenotype (Fig. 1j). In addition expression of the
sequence representingmost of the area between the ATGwe identiﬁed
and that of Chung et al., (tow-ΔC) causes no phenotype (Fig. 1j). We
conclude that the Hh pathway and the mwh phenotypes are only
observed when the cDNA is intact, either in towA1 or GH12583.
tow is a gene with 7 exons and 6 introns, and codes for a protein of
427 amino acids (Fig. 2a). Although Tow contains no known functional
domains, protein sequence analysis identiﬁed a predicted coil–coil
domain, a putative N-terminal palmitoylation site, and we observed
that the C-terminal is rich in polyglutamine tracts. Furthermore, the
N-terminus region of the protein includes a stretch of 22 amino acids
which show high conservation with uncharacterised predicted or
hypothetical proteins in other organisms (Fig. 2b). Therefore, Towmay
represent the Drosophila homolog of a conserved but so far
uncharacterised protein family.
Using an anti-Tow antibody raised in the lab we found that Tow is
expressed in the wing disc, L3 larvae, and at a reduced level in adult
ﬂies by western blot analysis of protein extracts from tissues (data not
shown). Immunoﬂuorescence studies in the wing imaginal disc show
that endogenous Tow is constitutively present yet weak, similar to
what we see by in situ hybridisation (Supplementary Figs. 2c–e).
When we overexpressed tow cDNA, Tow appears to be strongly
associated with the plasma membrane (Supplementary Figs. 2a, b),
not only in disc cells but also in non polarised cells such as the fat body
(data not shown). Our anti-Tow antibodies also recognised endogen-
ous and overexpressed Tow in Clone eight (Cl8) Drosophila cells, and
the levels of Tow expression were reduced with dsRNA against tow
(Supplementary Fig. 2g), conﬁrming the speciﬁcity of the antibody. As
ectopic expression of towΔN fails to induce a phenotype, either this
conserved stretch of protein or the predicted palmitoylation site
within this domain (or both) may be essential for its function.
Concordantly, using the anti-Tow antibody, we found that TowΔN
appears to lose its membrane localisation, instead appearing more
cytoplasmic (Supplementary Fig. 2f).overexpression in the posterior compartment using hhGal4 (29 °C) has no effect onwing
a reduction of veins 3–4 inter-vein region and a partial fusion between veins 3 and 4,
rd instar larval wing imaginal discs shown using anti-βGal. (d, d′) Towoverexpression in
t the anterior–posterior (A–P) boundary (white arrow). (e) Expression of dppLacZ in
white arrow). (g) Wildtype staining of anti-En (anterior compartment is separated by a
e rows of cells in the anterior compartment (h, h′ arrow). In some cases where Tow
sion of target genes on the anterior side of the clone (see red arrow in d′, f′). As Ptc is
lones allows Hh to travel further and activate the pathway further from the boundary. (i)
ssion in clones represses this form of Ci (arrow). (k) Wildtype Smo pattern in the wing
also show an increase in Cos2 protein in the P compartment (n, n′ arrow) compared to
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To elucidate whether the effect of overexpressed Tow on Hh
signalling was within the Hh producing cells (posterior) or the Hhreceiving cells (anterior), we overexpressed towA1 using various wing
imaginal disc drivers. When towwas overexpressed with hhGal4 which
drives expression in posterior (the Hh producing cells of the wing disc),
thewing appearedwildtype in terms of Hh signalling (Fig. 3a), although
286 K.L. Ayers et al. / Developmental Biology 329 (2009) 280–293shows a mwh phenotype. On the contrary when expressionwas driven
in the anterior (theHh receiving cells of thewingdisc) usingptcGal4,we
saw a strong veins 3–4 inter-vein reduction phenotype (Fig. 3b) similar
to what was observed using drivers in the entire wing disc. These
ﬁndings indicate that the effect of Tow overexpression on Hh signalling
occurs speciﬁcally in Hh receiving cells.
To study the effect of Tow on Hh signalling, we used the “ﬂipout”
technique (Harrison and Perrimon, 1993) to induce somatic clones
overexpressing tow in the wing disc, where Hh signalling controls the
expression of various genes such as en, patched (ptc) and decapenta-
plegic (dpp) (Basler and Struhl, 1994; Tabata and Kornberg, 1994;
Guillen et al., 1995; Jacob and Lum, 2007). The ptc gene is activated by
high level Hh signalling, and is transcribed in a stripe of 5–6 cells just
anterior to the anterior–posterior (A–P) boundary (Fig. 3c). dpp,
however, is induced by lower level Hh signalling, and is seen in a
broader stripe further from the A–P boundary (Fig. 3e). We found that
overexpression of tow resulted in cell autonomous repression of ptc
(ptcLacZ reporter, Figs. 3d, d′ and Supplementray Figs. 3e, e′) and dpp
(dppLacZ reporter, Figs. 3f, f′). Furthermore, we saw ectopic activation
of these genes anterior to the tow overexpression clones due to the
decrease in Ptc in the clones, which allows Hh to move further in the
disc without being sequestered by Ptc (Figs. 3d′, f′ red arrows). An
additional Hh target gene en is transcribed in posterior cells
independently of Hh signalling, and a row of 2 to 3 cells anterior
to the A–P boundary in response to high Hh signalling (Fig. 3g
anterior is separated by a line). The level of Hh-dependant En
expression was also reduced in tow overexpression clones at the A–
P boundary (Figs. 3h, h′). Therefore, overexpression of Tow is
sufﬁcient to repress all levels of Hh signalling in anterior wing
imaginal disc cells.
As overexpressed tow represses all levels of Hh signalling, we
wanted to address the effect of tow overexpression on known Hh
pathway components. In response to Hh, the transcription factor Ci is
stabilised in its full length form (Ci155) in a row of cells near the A–P
boundary inwt discs (Fig. 3i), and we observed that overexpression of
tow caused a destabilisation of Ci155 (Figs. 3j, j′). The positive pathway
regulator Smo is normally stabilised in posterior cells due to the
absence of Ptc, and also in anterior cells which receive high levels of
Hh close to the A–P (Fig. 3k). Overexpression of tow in clones in the
posterior compartment resulted in the destabilisation of Smo to the
level of cells far from the Hh source (Figs. 3l, l′), which is seen as a
clear reduction in stability of Smo protein as opposed to a delocalisa-
tion (Supplementary Figs. 3b, b′). A similar effect was observed when
tow was overexpressed with hhGal4 (Supplementary Figs. 3a, a′).
Because neither Ptc nor Ci is present in posterior cells, Tow can repress
Smo independently of these pathwaymembers. Furthermore, using in
situ hybridisation for smo we found that overexpressed tow does not
reduce smo mRNA levels (Supplementary Fig. 3d). To further
investigate Tow repression of the Hh pathway we looked at Cos2, a
negative regulator of the Hh pathway which acts downstream of Smo
to repress the Hh pathway (Sisson et al., 1997). In thewildtype context
Cos2 is destabilised in the posterior and at the A–P boundary in
response to Hh (Fig. 3m). We found that posterior clones over-
expressing tow induced Cos2 stabilisation, possibly by reducing Smo
stability (Ruel et al., 2003), whereas anterior clones had no effect on
Cos2 levels (Figs. 3n, n′). Therefore, Tow appears to be acting
upstream of Smo to destabilise positive pathway members andFig. 4. Tow acts downstream of Patched and upstream or at the level of Smoothened. (a, a′)
arrow shows clone position). (b, b′) Smo stabilisation is not seen when ptc LOF clones are i
destabilised (see arrow. The level of Smo staining has been artiﬁcially increased to show the u
background, and also in cos2 LOF clones in a Tow overexpression background (d, d′). (e, e′) c
wing disc reduces Smo stability, evenwithin cos2 LOF clones (arrow). (g, g′) Clones of ectopic
expression). (h, h′) EctopicWg does not, however, destabilise Hh pathwaymembers such as S
as Ptc (arrow) (i, i′) whereas no change in Smo (clones shown here in the posterior compar
ptcGal4 does not reduce Sqh levels in the disc (k, k′), nor does it cause Sqh displacement wconversely stabilise negative members, resulting in a repression of
all levels of Hh signalling.
Tow acts within the Hh pathway, downstream of Patched and at the level
of Smoothened
We performed epistatic analysis to examine at which level in the
Hh signalling pathway Tow could be acting. Loss of function clones of
various pathway members was used in conjunction with constitutive
overexpression of tow in the wing imaginal disc using the MSGal4
driver. Removal of the receptor Ptc is known to result in Hh pathway
activation due to the loss of repression of Smo by Ptc (Phillips et al.,
1990; Chen and Struhl, 1996). Concordantly, in ptc−/−clones we
observed Smo stabilisation (Figs. 4a, a′), whereas when ptc−/− clones
were induced in a tow overexpression background Smo stabilisation
was not observed (Figs. 4b, b′), indicating that tow overexpression
affects the pathway downstream of Ptc.
Cos2 is generally thought to act as a repressor downstream of Smo.
In cos2−/− clones the target gene ptc is ectopically expressed due to
the activation of the pathway (Figs. 4c, c′), and when such clones are
induced in a tow overexpression background the same ectopic ptc
expression is seen (Figs. 4d, d′), suggesting that Cos2 acts downstream
of Tow. Interestingly, overexpression of cos2 can repress Smo in a
similar manner to overexpressed tow (Ruel et al., 2003). To test
whether Tow repression of Smo ismediated through Cos2, we induced
cos2−/− clones in discs overexpressing tow and looked at Smo levels.
We found that Smo is uniformly destabilised both inside and outside
the cos−/− clones (Figs. 4e, e′ and f, f′), indicating that Tow does not
require Cos2 to repress Smo. From these combined data we conclude
that the repressor Tow acts downstream of Ptc and upstream or at the
level of Smo, and independently of Cos2.
Tow is not acting on the Hedgehog pathway through the Notch, Wingless
or Sqh pathways
Extra sensory hairs and veins were often observed in cases of
strong tow overexpression in the whole wing imaginal disc (Fig. 1d).
These phenotypes can be associated with aberrations in other
signalling pathways such as the Notch or Wg pathway (Phillips and
Whittle, 1993; Rulifson and Blair, 1995). During wing imaginal disc
development a complex interaction exists between the Hh, Notch
and Wg pathways, especially at the intersection between the
anterior–posterior (A–P) and dorso–ventral (D–V) axes (Glise et
al., 2002). We wondered if Tow represses the Hh pathway by
ectopically activating the Notch or Wg pathway. Using ectopic
expression of either UAS-wg or UAS-notch activated form (notch-
intra) to activate these pathways, we conﬁrmed what has been
previously shown (Glise et al., 2002), that activation of Wg or Notch
signalling represses Hh target genes such as dpp (dppLacZ reporter)
and ptc (Figs. 4g, g′ and i, i′ and data not shown). There was,
however, no effect on Hh pathway members such as Smo or Ci (Figs.
4h, h′ and j, j′ and data not shown). On the contrary, it has been
suggested that Tow is repressed by Wg (Chung et al., 2007),
therefore it is plausible that the Wg pathway controls Hh signalling
through controlling Tow levels. If this is the case then repression of
the Wg pathway should lead to an increase in Tow levels and a
subsequent reduction in Smo stability and Hh target geneSmo is stabilised in ptc loss of function (LOF) clones (visualised as loss of GFP marker,
nduced in a Tow overexpression background (using MSGal4), where Smo is uniformly
niform pattern of Smo). (c, c′) Ectopic expression of Ptc is seen in cos2 LOF clones in awt
os2 LOF clones have no effect on Smo stability. (f, f′) Overexpression of Tow in the whole
Wg cause a reduction of Hh target genes such as dppZ (blue lines indicate width of dppZ
mo (arrow). Notch-intra, an activated form of Notch, also represses Hh target genes such
tment of the disc at 60× magniﬁcation, see arrows) (j, j′). Overexpression of Tow using
ithin the cell (l, l′ blue line indicates limit of Tow expression).
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expressing a dominant negative form of the transcription factor
TCF (van de Wetering et al., 1997) (TCF-DN) in the dorsalcompartment of the disc (for just 24 h using the apterousGal4, tu-
bulinGal80 temperature sensitive system, as any more was cell
lethal), and looked at Smo, and Ci. We found that although TCF-DN
Fig. 5. Absence of Tow enhances patched mutant phenotypes. (a, a′) Wildtype wings, which have three vein 3 Sensilla Campaniform (SC see arrows). (b, b′) A representative wing
from a tow754 homozygote (a null tow allele). These have a normal appearance and number of vein 3 SC. (c, c′) Wings from SufuLP/SufuLP homozygotes (a null allele for Sufu) show
increased numbers of SC (arrows). (d, d′) Heterozygotes for the hypomorphic ptc16 allele have a normal number of SC, whereas when this mutation is combined with total tow loss,
the number of SC increases (e, e′). (f, f′) SC numbers also increase in a ptc16/+; SufuLP/SufuLP genotype. (g, g′) A representative wing from ptcCon heterozygotes, which show
increase numbers of SC. (h, h′) When this ptcmutation is placed in a homozygotic tow754 background, SC numbers increase. (i, i′) SC numbers also increase in a SufuLP background.
All pictures are from female ﬂies, and are representative of aberrations found in each genotype, if any. (j) The percentage of wings for each genotype which show aberrations in the
number of vein 3 SC. Error bars are calculated using the standard error of percentage (SEP). (k) The mean number of vein 3 SC for each genotype, with error bars indicating standard
error (SEM) for each genotype. ⁎⁎pb0.001.
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Table 2
Vein 3 Sensilla Campaniform in ptc, tow and Sufu mutants.
Genotype Number of SC Percentage of
wings with
aberrant SC
number
Total wings (n) Mean SEM % SE %
w- 31 3.0 0.03 3.23 3.17
tow754/tow754 134 3.0 0.01 2.24 1.28
SufuLP/SufuLP 37 3.4 0.08 35.14 5.78
ptc16/+; 49 3.0 0.00 0.00 0.00
ptc16/+; tow754/tow754 77 3.2 0.03 15.58 4.13
ptc16/+; SufuLP/SufuLP 36 3.8 0.09 75.00 8.62
ptcCon/+ 76 3.2 0.04 17.11 4.32
ptcCon/+; tow754/tow754 74 3.7 0.09 51.35 5.81
ptcCon/+; SufuLP/SufuLP 37 3.6 0.11 54.05 7.27
Loss of tow enhances the increase of SC in a ptc16 or ptcCon mutant background. This
effect is comparable to that of the SufuLp mutant. SEM = Standard Error of the Mean.
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repressed; Supplementary Figs. 4b, d), neither Smo, nor Ci
expression was affected (Supplementary Figs. 4b′, c). Therefore we
do not believe that the Wg pathway can control Hh pathway
activation through mediation of Tow levels in the disc. Altogether,
our data show that that Tow repression on the Hh pathway is not
mediated by or through Wg or Notch signalling.
Due to recent evidence showing a role for Tow in the transcrip-
tional repression of sqh (the Drosophila myosin II regulatory light
chain), in pupae, we postulated that decreased levels of Sqh (caused
by Tow overexpression), may regulate the Hh pathway. Expression of
sqh RNAi with dppGal4 caused a reduction in Sqh antibody staining
(Supplementary Fig. 4g) but no obvious change was seen in Hh
pathway members such as Smo (data not shown). To increase the
amount of RNA interference, sqh RNAi was also drivenwith MSGal4 or
sdGal4 which, although causing highly disorganised wing discs, did
not dramatically alter the expression of Hh target genes such as ptc
(Supplementary Fig. 4h). In wing discs overexpressing tow either
under a speciﬁc Gal4 line, or in clones, we were unable to see a
reduction in Sqh using various antibodies (Figs. 4k, l and data not
shown), indicating that Tow does not regulate Sqh levels in the wing
imaginal disc. We thus conclude that Tow is not acting on the Hh
pathway through the Notch, Wg or Sqh pathways.
Absence of Tow enhances patched mutant phenotypes
Due to the strong repression of Hh signalling upon tow over-
expression, we wanted to determine the role of endogenous Tow in the
wing imaginal disc. Previous data has indicated that neither of the
published tow mutants (tow754 or towfz) exhibit a strong phenotype
(Figs. 5b, b′) when compared to wildtype wings (Figs. 5a, a′). However,
Chung et al. (2007) found that when placed in a sensitised background
for the Rho/Rok pathway, these alleles are able to enhance or rescue
different mwh and eye phenotypes caused by aberrations in this
pathway. In western blots from larval extracts and using an anti-Tow
antibody, the tow754 mutant displays a complete loss of Tow protein
conﬁrming it as a null mutation (Supplementary Fig. 2h). Therefore we
decided to test whether the null mutant tow754 induces a Hh phenotype
in a sensitised background. To this end,we combined thismutationwith
heterozygous alleles for other Hh pathway members. Hh signalling in
thewing imaginaldiscpatterns the adultwing, speciﬁcally the growthof
the inter-vein region between veins 3 and 4 (Mullor et al., 1997).
Furthermore, Hh signalling positively regulates members of the
Iroquois-complex such as Araucan and Caupolican which are required
for proper development of the wing sensory organs, Sensilla Campani-
form (SC) (Gomez-Skarmeta et al., 1995; Gomez-Skarmeta and
Modolell, 1996). We therefore analysed the SC found along vein 3, as
well as the veins 3–4 inter-vein area as read-outs of Hh signalling. We
also compared the effect of towmutation to the loss of another pathway
repressor Sufu using the null SufuLP mutant (Preat, 1992; Johnson et al.,
1995), which shows a slight increase in SC numbers (Figs. 5c, c′). We
found that tow754mutants displayaweak increase in theveins 3–4 inter-
vein area (Table 1. p=b0.05) whereas they have no change in SC
numbers (Figs. 5b, b′, j and k). To sensitise theHhpathwayweused ptc16
heterozygotes, which alone have no SC phenotype (Figs. 5d, d′ and j, k).Table 1
Inter-vein 3–4 area as a percentage of total wing size.
Total wings (n) Mean SEM
w- 37 21.20 0.11
tow754/tow754 41 21.57 0.09
ptc16/+; 32 22.11 0.10
ptc16/+; tow754/tow754 44 23.83 0.10
Loss of tow enhances the increase in veins 3–4 inter-vein area of heterozygous Ptc16
ﬂies. SEM = Standard Error of the Mean.When these mutants were placed in a tow754 homozygotic background
the mean number of SC was found to increase (ptc16/+=3.0, ptc16/+;
tow754/tow754=3.2. pb0.001) as did the percentage of wings with
aberrant SC numbers (i.e. the percentage of wings with a reduced or
increased number of SC; from 0% to 15%) (Figs. 5e, e′, j, k, and Table 2).
The area between veins 3 and 4 also increased (ptc16/+=22.1, ptc16/+;
tow754/tow754=23.1, pb0.001) (Table 1), indicating an augmentation in
Hhpathway activation.We also observed that SufuLP homozygotes had a
similar effect on SC in the ptc16 heterozygote background, (SufuLP/Su-
fuLP=3.4, ptc16/+; SufuLP/SufuLP=3.8, p=b0.001), and 35% of SufuLP
wings had aberrations, whereas 75% of ptc16, SufuLPwings had aberrant
SC numbers (Figs. 5f, f′ and j, k).
To conﬁrm this interaction we next looked at the ptc Confused
(ptcCon) allele, which has been shown to induce ectopic Ci155 (Mullor
and Guerrero, 2000) and therefore increase Hh pathway activation. In
our hands, we found that ptcCon heterozygotes exhibited an increased
number of SC (mean=3.2) with an increased number of wings
showing aberrations (17.1%) (Figs. 5g, g′, j and k). This is consistent
with studies showing that clones of ptcCon induce extra SC (Mullor and
Guerrero, 2000). When ptcCon heterozygotes are placed in a tow754
background, the number of SC dramatically increases (SC=3.7,
p=b0.001; 51.3% with aberrant SC) (Figs. 5h, h′ and j, k). Sufu loss
showed a similar enhancement of ptcCon heterozygotes, where the
mean number of SC increased from 3.2 to 3.6 (p=b0.001) (Figs. 5i, i′
and j, k), in accordance with a previous study showing an interaction
between these alleles (Mullor and Guerrero, 2000).
Therefore although exhibiting a weak phenotype alone, loss of tow
enhances partial loss of ptc, causing further pathway activation. We
therefore conclude that Tow acts as a Hh pathway repressor in the
wing imaginal disc.
Tow regulates lipophorin levels in the disc
Lipophorin are Drosophila LDL-like particles composed of a lipid
monolayer, structural lipoproteins (apolipoproteins) and a core of
cholesterol (Eaton, 2006). These particles are produced in the fat body
and diffuse to peripheral body parts through the haemolymph.
Lipophorin are thought to carry morphogens such as Hh and Wg,
and reduction of apolipoprotein levels reduces long-range movement
of Hh in the wing disc (Panakova et al., 2005). It has recently been
shown that ectopic ptc expression leads to the accumulation of
lipophorin in the wing imaginal disc (Callejo et al., 2008), suggesting
that Ptc may promote lipophorin internalisation (along with Hh).
However, it has also been speculated that lipophorin particles may
provide small molecules used to activate or repress Smo, in a system
analogous to vertebrates with the cholesterol derivatives oxysterols
and vitamin D (Bijlsma et al., 2006; Corcoran and Scott, 2006; Dwyer
et al., 2007). In this system, it has been suggested that the role of Ptc
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therefore Smo ligands in the presence or absence of Hh. To address
how Towmight repress Smo we used anti-lipoprotein serum (EugsterFig. 6. Tow does not act through Wg, Notch or Sqh but regulates lipophorin accumulation
UAS-Tow. At 25 °C a weak increase of lipophorin (Lp) staining is observed (shown here in th
Higher magniﬁcation of discs from apGal4 UAS-Tow at 25 °C indicates increased baso-la
expression (i.e. at 29 °C) seen here in a basal section (d, d′). Clones overexpressing Tow (lab
zoom ×2) (e, e′ and f, f′). Ectopic Ptc expression in the dorsal compartment of the disc for jus
to the permissive temperature of 29 °C for 24 h before dissection) induces increased numbers
in a tow754mutant background. Note that lipophorin particles accumulate, but appear to be
tubulinGal80, UAS-Ptc; Tow754 larvae are often reduced (i) compared to apgal4, tubulinGal
number of lipophorin particles greater than 3 pixels in size within an area of 100×100 pixels.
number of lipophorin when expressed in a wt background. Ectopic Ptc in a tow mutant
compartments. Error bars indicate Standard Error of the Mean (SEM). (l) The average size of l
tow mutant background the increase in size is closer to 1.5 fold (Error bars indicate SEM).et al., 2007) to observe lipophorin levels in wing imaginal discs
overexpressing tow in the dorsal compartment or in clones. We found
that tow overexpression induced cells to accumulate lipophorin (Figs.in the disc. (a, a′) Tow overexpression in the dorsal domain of the disc using apGal4,
e basal level of a disc) and in a Z-section at 63 zoomwith 2× optical zoom (b, b′). (c, c′)
teral lipophorin staining. Lipophorin accumulation is enhanced with increased Tow
elled with GFP) also induce accumulation, which can be seen apically in Z-sections (63
t 24 h during L3 stages (using the apterousGal4; tubulinGal80 system and shifting larvae
and enlarged the size of lipophorin particles (g, g′). Ectopic expression of Ptc is repeated
less numerous and smaller than in the previous case (h, h′). The size of discs in apGal4,
80, UAS-Ptc in a wt background (j). (k) Analysis using a program designed to assess the
Numbers indicate that on average, ectopic Ptc induces at least a two-fold increase in the
background, causes a 1.2 fold increase in punctuates between the ventral and dorsal
ipophorin punctuates is doubled by Ptc overexpression in awt background, whereas in a
291K.L. Ayers et al. / Developmental Biology 329 (2009) 280–2936a, a′ and c, c′), and this accumulation was enhanced with increased
tow expression, i.e. at 29 °C (Figs. 6d, d′). Intriguingly, lipophorin
accumulation was observed both basally (Figs. 6d, d′) and apically
within the disc epithelium, (Figs. 6b, b′,e, e′, f, f′). In addition, Tow
overexpression caused lipophorin accumulation independently of Hh
pathway activity, as accumulation was observed in both anterior and
posterior cells, the later of which lack Ptc and Ci. Furthermore,
overexpression of a CD8-GFP construct using the same driver did not
induce lipophorin accumulation (Supplementary Figs. 4i, i′), showing
it is not a general effect of overexpression. Therefore, like Ptc,
increased levels of the repressor Tow cause lipophorin accumulation
in the disc cells. To further understand the role of Tow and its control
of lipophorin levels, we investigated lipophorin staining during Ptc
overexpression in the presence and absence of Tow. It has been
previously published that Ptc overexpressed for 24 h in the dorsal
compartment of the disc (using the apGal4 tubulinGal80 system, and
shifting larvae to the permissive temperature of 29 °C for 24 h), causes
lipophorin particle accumulation (Figs. 6g, g′) (Callejo et al., 2008).
Interestingly, this is the only driver with which we have found Ptc
induced lipophorin accumulation, indicating that period of expression
may be important. We have also observed that lipophorin staining can
be extremely variable within even wildtype discs in the same
experiment, rendering it difﬁcult to perfectly analyse lipophorin
particles, and we have not found any difference in lipophorin particles
between wt and tow mutant discs (data not shown). To aid our
analysis we created a program designed to compare lipophorin
accumulation upon Ptc overexpression (number of punctuates and
size) with wildtype lipophorin staining in the ventral compartment
for at least 4 discs per genotype. We found that Ptc overexpression
induces greater than 2-fold increase in both the number (ventral=32
lipophorin punctates per 100×100 pixel area; dorsal (where Ptc
overexpressed)=70) (Fig. 6k error bars=SEM) and the average size
of particles (ventral=10 pixels; dorsal=19 pixels) (Fig. 6l, error
bars=SEM). Interestingly in a tow754/tow754 background we found
that discs were often reduced in size (Fig. 6j compared to i; also see
Supplementary Fig. 4j). We also found a reduced ability of ectopic Ptc
to sequester lipophorin, where we observe a 1.2-fold increase in the
dorsal compared to the ventral (ventral=32; dorsal=37 per
100×100 pixel area) (Figs. 6h, h′ and Supplementary Figs. 4j, j′). In
addition, the average surface area of lipophorin particles accumulated
in the dorsal was reduced in tow mutant discs (Figs. 6h, h′)
(ventral=10 pixels, dorsal=14 pixels) (Fig. 6l). Although these
numbers indicate that Ptc induced accumulation of lipophorin is
partially reliant on Tow, we cannot rule out that the effect on the size
of the disc is also responsible for the differences observed.
Discussion
Tow is a Hh pathway repressor
We present here a novel repressor of the Hh pathway, Tow. This
protein represents the Drosophila homolog of a previously unchar-
acterised protein family. We have found that overexpression of Tow
represses all levels of Hh signalling and epistatic analysis showed that
it acts upstream or at the level of Smo and downstream of Ptc.
Interestingly both ectopic ptc and tow cause lipophorin accumulation
in the disc. Loss of tow enhances a sensitised Hh signalling pathway,
with a phenotype resembling that of another pathway repressor, Sufu.
We propose that Ptc repression of Smo is mediated by Tow, possibly
through regulation of the degradation or homeostasis of lipophorin
particles thereby controlling the availability of Smo ligand(s).
Endogenous role of Tow
We have found that the absence of tow enhances several ptc
mutant phenotypes. This enhancement was especially evident whenwe examined the number of SC present on the adult wing vein 3. It has
been proposed that low level Hh signalling is responsible for
determining the fate of vein 3 and SC formation, as reduction of
high level Hh signalling (and loss of all inter-vein region) does not
disrupt SC formation (Vervoort et al., 1999). Furthermore, low level Hh
signalling positively regulates members of the Iroquois-complex, such
as Araucan and Caupolican, which are required for proper develop-
ment of SC (Gomez-Skarmeta et al., 1995; Gomez-Skarmeta and
Modolell, 1996). We found that SC numbers provided a sensitive
readout of Hh pathway activity in which to examine the role of tow.
Interestingly, we found that loss of tow led to Hh pathway activation
that was comparable to the loss of Sufu. Although loss of Sufu in
Drosophila causes a weak phenotype, knockouts in vertebrates have
revealed an essential role for Sufu and show it acts as a strong
repressor of the Hh pathway (Svard et al., 2006). As the phenotype of
Tow in vertebrates is yet to be documented the role of vertebrate Tow
awaits further investigation.
Intriguingly, various data we have shown are at odds with
previously published data concerning Tow. Neither by in situ
hybridisation nor by Tow antibody staining have we ever observed a
reliable expression pattern similar to the one shown by Chung et al.
(2007) (where tow appears to be repressed byWg signalling). We also
saw no effect on Tow protein levels in discs where Wg signalling was
reduced; by either ectopically expressed TCF Dominant negative (TCF-
DN) or by reducing Wg secretion by expressing wntless RNAi
(Supplementary Figs. 4e′, and f, f′) (van de Wetering et al., 1997;
Franch-Marro et al., 2008). Thus, the regulation of Tow by Wg
signalling in the wing imaginal disc remains unclear. If tow expression
was negatively regulated by Wg signalling, this would imply that Wg
could regulate the Hh pathway at the level of Smo, which we do not
observe when Wg signalling is blocked (Supplementary Figs. 4b, b′
and c). Although Wg can negatively regulate Hh target genes in the
wing disc (Glise et al., 2002) and our data, this affect appears to be
mediated purely at the transcriptional level as there is no evidence
indicating an effect ofWg on the activation the Hh pathway. Therefore,
if a link betweenWg and Tow does exist, our data strongly suggest it is
not relevant to Hh signalling in the wing imaginal disc.
Overexpression of tow causes multiple hairs in the wing (mwh)
even when tow is overexpressed only in the posterior cells of the disc.
Because these cells do not express all Hh pathway proteins necessary
for signal transduction (e.g. they lack Ci), we can conclude that the
mwh phenotype is not reliant on Hh pathway signalling in the disc.
Furthermore, no mwh phenotype is observed upon Hh pathway
activation or repression using overexpression of either constitutively
active or dominant negative forms of Smo (data not shown). It is
nevertheless intriguing that Tow acts on two different pathways, (the
Hh and Sqh pathways) independently, and through seemingly
differing mechanisms. This difference may be due to differential
timing requirements or functions of Tow, such as in the wing disc
versus the pupal wing.
Regulation of Smo by Tow
We have observed that tow mutants can enhance partial loss of
other pathway members such as ptc, indicating that tow has an
endogenous repressive role in the Hh pathway. But what is the precise
mechanism through which Tow represses Hh signalling in the wing
disc? Stabilisation of Smo at the plasma membrane is a process that is
dependant on both actin and tubulin (Zhu et al., 2003). Due to a recent
publication showing that Tow represses sqh transcription in the pupal
wing (Chung et al., 2007), we wondered if the effect of increased tow
levels on Smo could be due to alterations in the cellular cytoskeleton.
However, we saw no effect of tow overexpression on the organisation
of tubulin, alpha acetylated tubulin or F-actin in either polarised cells
in the wing disc or unpolarised cells such as fat body cells (data not
shown). Concordantly, it has been previously published that myosin II
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not the anterior–posterior boundary (Major and Irvine, 2006).
Furthermore, we saw no repression of Sqh levels by Tow in the disc.
We are still unsure of the mechanism of Tow-mediated repression of
Smo, but can exclude transcriptional regulation of smo, activation of
the Wg or Notch pathways, or repression of Sqh and subsequent
cytoskeleton effects.
Tow has a predicted coil–coil domain for protein interaction and
may directly bind Smo to destabilise it. However, neither two-hybrid
screens carried out with full length Tow or immuno-precipitation
experiments with Tow antibodies picked up Smo (data not shown),
so Tow repression of Smo is likely to be an indirect event. Although
no signiﬁcant change in Smo staining is observed in towmutant discs
(Supplementary Fig. 3f), we have observed that tow mutants can
enhance partial loss of other pathway members such as ptc,
indicating that is has an endogenous repressive role in the Hh
pathway. Hh particles are thought to travel long distances by
interacting with lipophorin (Panakova et al., 2005; Eugster et al.,
2007), and reduction of lipophorin levels reduced long-range Hh
signalling in the disc (Panakova et al., 2005). Furthermore, it has
recently been observed that Ptc may act as a lipophorin receptor as
its ectopic expression caused an accumulation of lipophorin particles
in the wing disc (Callejo et al., 2008). Intriguingly, we have observed
that tow overexpression also causes a strong accumulation of
lipophorin in cells, an effect which is independent of Ptc due to its
occurrence in both anterior and posterior cells (the later of which
lack Ptc). It is intriguing that two Hh pathway members could both
be having an effect on lipophorin, perhaps independently of their
effect on the Hh signalling. It has however, been suggested that
lipophorin particles may contain precursor sterols to speciﬁc Smo
ligands, and that instead of controlling internalisation, Ptc may
regulate the levels of these differently, depending on the presence or
absence of Hh (Taipale et al., 2002; Eaton, 2008). If this is the case,
Tow may regulate Smo by controlling the processing of lipophorin in
the cell. To address this we looked at the accumulation of lipophorin
caused by ectopic Ptc in the presence and absence of Tow. We found
that the ability of ectopic Ptc to sequester lipophorin in the disc is
somewhat reduced in the absence of Tow. This implies that Ptc acts at
least partially through Tow for lipophorin accumulation, however we
also observed an effect on the size of the disc in this background,
which may also contribute to this change in lipophorin accumulation.
The lack of a strong Tow phenotype might be due to redundancy in
the role played by Tow during this process. Further studies on Tow
and lipoprotein particle processing in the wing imaginal disc will
shed light on how Smo is regulated and lead towards full under-
standing of Hh pathway signalling and the mechanism of Ptc
repression of Smo.
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